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Plant Defense Peptides 
Abstract: Eiglu families of antimicrobial peptides, ranging in size from 2 to 9 kD, liave been 
identificd in plañís. These are thionins, defensins, so-called lipid iransfer proteins, hevein- and 
knottin-like peptides, MBPJ, IbAMP, and the recent ly reponed snakins. Al I of them have compact 
structiires that are stabilized by 2-6 disulfide bridges. They are pan of both permanent and 
inducible defense barriers. Transgenic overexpression of the corresponding genes leads to en-
hanced tolerance to pathogens, and peptide-sensitive pathogen mutants have reduced 
virulence. 
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INTRODUCTION 
lt is becoming increasingly evident that, despite their 
distinct modes of life, plants and animáis share some 
common elements in their mechanisms of defense 
against pathogens. The initial, naive view of a non-
specific system of active and passive defense in plants 
and a specific immune system in animáis has been 
superseded by the recognition that plants also have a 
specific nonself-surveillance system and that animáis 
have a nonspecific system for innate immunity, be-
sides the specific adaptive immune system (for re-
view, see Refs. 1-9). 
Antimicrobial peptides have been long considered 
to play a key role in plant defense, both as part of 
preexisting, developmentally regulated defense barri-
ers and as components of the defense responses in-
duced upon infecüon. Demonstration of a possible 
defense role for a given type of peptide involve ob-
servations of diverse nature, none of which can be 
conclusive by itself. Some relevant criteria are the 
following: (a) antimicrobial activity in vitro; (b) gene 
expression, peptide distribution, and peptide concen-
trations in planta (before or after infection) that are 
congruent with a defense role; (c) correlation of the 
variation of expression levéis (natural or genetically 
engineered) with the severity of symptoms; (d) cor-
relation of the variation of the pathogen resistance to 
plant peptides (natural or genetically engineered) with 
virulence. Considerable progress has been recently 
made in the identification of plant antimicrobial pep-
lides and in their investigaron according to these 
criteria. 
Antimicrobial peptides from animáis may be linear 
or form complex globular structures in which antipa-
rallel /3-sheets are stabilized by disulfide bonds. 
whereas in plants, only disulfide-bonded peptides of 
the second type have been identified so far.I_9 Among 
plant antimicrobial peptides, thionins were the first 
whose activity against plant pathogens was demon-
strated in vitro.110 Subsequently, several families of 
cysteine-rich peptides have been characterized, in-
cluding defensins,8,9 lipid transfer proteins6'8'9 
(LTPs), hevein-type peptides,8 knottin-lype peptides,s 
and others. In this review, we summarize recent ad-
vances concerning the structural and functional prop-
erties of all these families of putative defense peptides 
from plants. 
THIONINS 
Structure and Distribution 
The ñame "thionins" has been proposed to desígnate 
a family of homologous peptides that includes puro-
thionins, which were first isolated from wheat seeds,1' 
and their homologues from various taxa, such as vis-
cotoxins, phoratoxins, and crambins (see Ref. 12). 
The original purothionin from hexaploid wheat 
was later found to be heterogeneous,13-15 and in a 
survey of endosperm thionins in 22 diploid, tetraploid, 
and hexaploid species of the Aegilops—Triticum 
group, the presence of at least one variant per diploid 
genome complement was demonstrated.16 Two thi-
onins from barley endosperm17-20 designated a- and 
j3-hordothionin and two from oats endosperm (Avena 
sativa) have been also characterized.21 
The viscotoxin from leaves and stems of European 
mistletoe (Viscum álbum, Loranthaceae) was also 
found to be a mixture of clq.sely related components. 
Similar toxins, such as phoratoxins A and B from 
Phoradendron tomentosum, denclatoxin B from Den-
drophtora clavara, and ligatoxin A from Phoraden-
dron liga, have been also identified within the Loran-
thaceae (reviewed in Ref. 12). Additional leaf thionins 
have been identified in Pyrularia púbera, a parasitic 
plant from the Santalaceae,22 and in barley.23,24 The 
crambin reported by Van Etten and co-workers"5 was 
also found to be a mixture of two variants, whose 
primary structures were homologous to the thionins 
and the viscotoxins.26"27 
The mature thionin peptides are generally 45-47 
amino acids in length. The available amino acid se-
quences from the thionins (either directly determined 
or deduced from cDNAs) can be classified into at least 
five types (I-V), one of which (type V) lacks the 
C-terminal nonapeptide.12-28 The original purothionin 
isolated from wheat endosperm11 has four disulfide 
bridges and is highly basic, with no negatively 
charged residues. Known sequences of this type (I) 
comprise 45 amino acid residues, 8 of which are in the 
central disulfide loop. Type II thionins have been 
isolated from the leaves of Pyrularia púbera12 and of 
barley.23'24 and have four disulfide bridges at the same 
positions as those of type I, but the molecules are less 
basic. with some negatively charged residues, and 
iheii central disulfide loop contains one oí two more 
amino acid residues than the type I. The third type 
(III) includes the viscotoxins and phoratoxins from 
mistletoes (Loranthaceae), and has three disulfide 
bridges conserved with respect to the previous types; 
_. they contain fewer basic amino acid residues; and 
their sequence has 46 residues, 9 of which are in the 
central disulfide loop. The crambins isolated from the 
Abyssinian cabbage (Cruciferae) represent the fourth 
type (IV), which has the same sequence length and 
disulfide-bridge arrangement as type II thionins, but 
the molecules are neutral, with a low proportion of 
charged amino acid residues. Type V is quite diver-
gent: the second and eighth cysteines of type I thi-
onins are missing through point mutation and dele-
tion. respectively, thus disrupting the first and second 
disulfide bridges and potentially allowing the forma-
tion of a new bridge between the unpaired cysteines. 
Type V thionins are also neutral and have been iden-
tified as cDNAs from developing kernels of wheat and 
Aegilops species.28-29 
Based on the disulfide-bond structure, all known 
thionins can be classified into three groups: a group 
with 4 disulfide bonds, which would include types I 
and II. a group with only 3 of the above disulfide 
bonds (types III and IV), and a group that presumably 
has only 2 of the above bonds, plus a novel one 
(Figure 1). 
The three-dimensional structure of thionins has 
been studied in detail, both in crystals and in solution, 
and they have become model molecules in the devel-
opment of new methods of structure elucidation.30'32 
It has been shown that thionins of types I, III, and IV, 
in spite of their extreme divergence, have essentially 
the same three-dimensional shape, which resembles 
the Greek capital letter gamma (1"). The molecules are 
amphipathic, with a rigid structure. and present very 
similar three-dimensional shapes in solution and in 
crystal form. The long arm is formed by two antipa-
rallel a-helices and the short arm by a /3-sheet con-
sisting of two short antiparallel /3-strands. The hydro-
phobic residues are clustered at the outer surface of 
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FIGURE I Thionin lypes. (A) Alignment of representativc amino acid sequences of the different 
types (I-V). (B) Disulfide bridge structures of the different types. (*) Conserved positions. 
the long arm of the T, whereas hydrophilic residues 
mainly oceur at its inner surface and at the outer 
surface of the córner of the r.30-32 It has been pro-
posed that type I thionins have a binding site for 
phospholipids, which may be implicated in their toxic 
activity.33'34 
The evolution of thionins, particularly that leading 
to changes in the number of disulfide bridges, merits 
special attention because it represents a general evo-
lutionary problem. Divergence between types I and V 
seems to have oceurred through accelerated evolution, 
a process that has affected the amino acid sequence of 
the mature thionin but not the precursor domains 
corresponding to the N-terminal signal peptide and 
the long C-terminal acidic peptide described in the 
next section.28"29 This process involved a deletion and 
a nonsynonymous nucleotide substitution rate equal to 
the synonymous substitution rate in the thionin se-
quence. The coding sequences of two type V thionins 
have been absolutely conserved during the approxi-
mately 10,000 years that the D genomes of the diploid 
and the alloploid Triticum and Aegilops species have 
been evolving separately, whereas the introns have 
diverged, especially the larger one, which has suffered 
one major and several minor deletions. 
Percentages of divergence between types I and V 
in the mature-protein domain (59-69%) are about 
twice as high as those oceurring in the other domains, 
namely signal peptide. C-terminal acidic peptide, and 
introns (21-36%). In contrast, divergence in the ma-
ture protein domain of type V precursors is equal to or 
lower than within this domain of type I thionins, and 
is certainly much lower than in the corresponding 
introns.~s'~9 Type I thionins have four disulfide 
bridges, whereas those of type V have only three. It is 
possible that a temporary loss of function due to 
mutation of one cysteine (gain or loss) in the dupli-
cated gene might have resulted in a period of accel-
erated evolution. Mutation of a second cysteine (loss 
or gain) would have then led to a mature thionin with 
an even number of cysteines (a common fealure ofall 
known thionins) and to a recovery of function that 
vvould in turn impose a slower rate of evolution.29 
Molecular Biology 
Barley endosperm thionins are synthesized by 
membrane-bound polysomes as much Iarger precur-
sors that undergo at least two processing 
steps.18-19'35 The deduced structures of these pre-
cursors consisted of an N-terminal signal peptide, 
followed by the malure protein and a C-terminal 
acidic protein. The same precursor structure was later 
found for thionins of the other types,23-24"28-29'36"37 which 
strongly suggests that all types of thionins have the same 
biosynthetic pathway. 
Celiular fractionation studies and electrón micros-
copy of developing barley endosperm have shown 
that type I thionins are in the particulate fraction, 
associated with electron-dense ovoidal structures in 
the periphery of protein bodies.35"'8 A recent reporr19 
has shown that in barley leaves, mature type II thi-
onins accumulate inside vacuoles. Both purified vacu-
oles and an acid (pH 5.5) extract from leaves were 
able to process the precursor and excise the acidic 
peptide. Processing by both lysed vacuoles and by the 
purified proteinase was inhibited by Z i r + and by 
Cu~ + , but not by inhibitors of previously described 
vacuolar processing thiol or aspartic proteinases. 
Variants of a fusión protein with altered processing 
sites that represented those of thionin precursors from 
different taxa were readily processed by the protein-
ase, whereas changing the polarity of either the C-
terminal or N-terminal residues of the processing site 
prevented cleavage by the enzyme.39 
Using aneuploids, genes encoding thionins have 
been associated with specific chromosomes of wheat 
and related species.20,28 '29,40-43 The gene for a-hor-
dothionin, a type I thionin from barley endosperm. has 
two introns, 420 and 91 nucleotides long, that inter-
rupt the sequence encoding' the C-terminal, acidic 
peptide of the precursor.20 Genomic clones of type II 
thionins have two introns in similar positions as those 
of type I clones.43 
The expression of type II thionin genes has been 
investigated in barley leaves and a number of inter-
esting responses of these genes to external stimuli 
have been described. Large amounts of messenger for 
type II thionins were detected in dark-grown barley 
seedlings.2"'-24 Steady state messenger levéis seemed 
to be higher in the basal - of the leaf (younger cells) 
than in the apical ^ (older cells), and to decline sharply 
upon illumination.24 The effect of light has been fur-
ther investigated by Reimann-Philipp et al., who 
have postulated the mediation of two photoreceptors, 
phytochrome-a and a blue-light-absorbing photore-
ceptor. Synthesis of thionins ceased upon illumina-
tion, but the previously accumulated thionin was 
rather stable44 The inhibitory effect of light can be 
overeóme by stress- and pathogen-induced signáis. It 
has been shown thatfungal infection induces a tran-
sient expression of the thionin genes in the leaves43,45 
and that the chlorides of divalent cations (Mg2+, 
Mir + , Cd"+, Zn~+) elicit a more permanent re-
46 
sponse. 
Biológica! Properties 
Thionin from wheat endosperm could substitule for 
thioredoxin/from spinach chloroplasts in the dithio-
threitol-linked activation of chloroplast fructose-1,6-
bisphosphatase.47 This led to experiments suggesting 
a possible role of thionins as secondary thiol messen-
gers in the redox regulalion of enzymes. An activity 
of thionins that might be related lo their redox prop-
erties is the abilily to form selective disulfide bridges 
with other proteins.4849 The enzymes j3-glucuroni-
dase and neomyein phosphotransferase II were inhib-
ited by thionins through the formation of disulfide-
linked adduets and the inhibition was reversed by 
The abilily of thionins to induce leakage of intra-
cellular material was first demonstrated in bacteria 
and in yeast. The effect could be reversed by certain 
divalent cations, such as Ca2 + , Zn2 + , or Fe~+ (re-
viewed in Ref. 12). The cytotoxic effects of thionins 
of types I and IV on cultured mammalian cells oc-
curred at the mínimum concentration that caused leak-
age of Rb1+ and of uridine.50 Concentrations of thi-
onins that had no detectable effects on the cultured 
cells lead to inhibition of translation by antibiotics 
such as hygromycin B that do not normally cross the 
plasma membrane.50 The effect of thionins on fungal 
membranes has been investigated in Neurospora 
crassa, where the mínimum concentration required to 
cause leakage and growth inhibition were similar.51'52 
The effects of thionins on smooth-muscle contraction 
and on insect flight muscle. as well as the sensitivity 
to thionins of A31 cells infected with the Moloney 
strain of murine leukemia virus, are all probably re-
lated to interactions of thionins with the cell mem-
brane (reviewed in Ref. 12). It has been recently 
reponed that thionins induce leakage and aggregation 
of artificial, negatively charged membranes under 
conditions in which other plant toxic peptides have no 
effect.53"54 
The toxicity of thionins to plant palhogens was first 
reponed by Fernandez de Caleya et al.,10 and it has 
been extensively investigated.43,55-59 Type I thionins 
were also found to be toxic to mice, guinea pigs, and 
rabbits when injected intravenously or intraperitone-
ally, but not upon oral administration.60 Type III 
thionins, isolated from the leaves of the mistletoes and 
related species, were also found to be toxic upon 
parenteral administration to mice and cats (see Ref. 
61). At sublethal doses they produced hypotension 
and bradycardia, and had a negative ionotropic effect 
on the heart muscle. Intraarterial administration, in 
higher doses, produced vasoconstriction in arteries of 
skin and skeletal muscle.61 Cytotoxic effects on cul-
tured mammalian cells have been reported for differ-
ent thionin types.22'50 
The hypothesis that thionins might play a role in 
the protection of plants against pathogens was pro-
posed by Fernandez de Caleya et al.,10 who inves-
tigated the susceptibility to wheat endosperm thi-
onins of phytopathogenic bacteria in the genera 
Pseudomonas, Xanthomonas, Agrobacterium, Er-
winia, and Corynebacterium. Purified genetic vari-
ants of these thionins differed in activity and 
showed some degree of specificity. Both endosperm 
(type I) and leaf (type II) thionins from barley 
inhibit the fungi Thielaviopsis paradoxa, a patho-
gen of sugar cañe, and Drechslera teres, a pathogen 
of barley, at concentrations of 5 X 10~4M.43 Fungal 
and bacterial pathogens included in a recent survey 
were inhibited by thionins at concentrations in the 
10~6-10"5M ranee, which are similar to those 
found in certain plant tissues.57 
Recent experiments in planta are also indicative of 
a defense role for the thionins. Thionin mRNA is 
transiently induced in barley upon infection with Ery-
siphe graminis in both susceptible and resistant cul-
tivars.43'44 Transgenic expression in tobáceo plants of 
a barley thionin gene showed reduced lesión size 
when the plants were challenged with two strains of 
Pseudomonas syringae,62 whereas other strains did 
not seem to be affected.56 More recently, overexpres-
sion of an endogenous thionin has been reported to 
enhance resistance of Arabidopsis thaliana against 
Fusarium oxysporum63 and Plasmodiophora brassi-
cae
64
 A significant observation in support of a de-
fense role for thionins is the fact that thionin-sensitive 
mutants of Ralstonia solanacearum were found to be 
avirulent by Titarenko et al.65 
DEFENSINS 
Structure and Distribution 
Plant defensins are a family of antimicrobial pep-
tides, 45-54 amino acid residues in length, that have 
been isolated from different taxa and are probably 
ubiquitous in the plant kingdom (for reviews, see 
Refs. 8 and 9). Based on their amino acid sequences, 
four different defensin groups or subfamilies can be 
established,8,66-70 and as discussed later, the struc-
tural differences seem to correlate with changes in 
antimicrobial specificity (Figure 2). All known mem-
bers of this family have eight disulfide-linked cys-
teines, including one at the C-terminus. Apart from 
these eight cysteines, there are a few other residues 
that are highly conserved in all types (Figure 2), 
whereas there are residues that are conserved in two 
or more types. 
Similarities of plant defensins with respect to those 
of inseets are weak but discemible at the level of the 
primary structure (Figure 2B)—types I and II being 
closer to drosomyein from Drosophila melano-
gaster11 and groups III and IV to tenecin from 
Tenebrio molitor12—and striking at the three-dimen-
sional level.69'73"76 The three-dimensional structure of 
plant defensins consists of a triple-stranded antiparal-
lel /3-sheets and one a-helix that is stabilized by disulfide 
bonds: all these domains, except the N-terminal 
/3-strand, are conserved in the insect defensins.8 
The distribution of defensins in the plant is con-
sistent with their putative defense role. Thus they 
have been identified in leaves,77-78 tubers.'9 flow-
ers.77.79-81 p o d s ?82 a n d s e e d s 66.83.84 ¡ n a r a b i d o p s j s 
there are at least 5 different defensins (identified as 
ESTs) whose genes are expressed in a tissue-specific 
manner.68 Plant defensins are preferentially located in 
peripheral cell layers and have also been reported in 
the xylem, in stomatal cells and in cells that line the 
substomatal cavity, all of which are locations where 
first contact and entry of pathogens take place.8'79 
Molecular Biology 
Most of the known plant defensins have typical signal 
peptides and lack a propeptide,78'81'82,85,86 but in two 
cases, a 30-residue C-terminal propeptide. similar to 
that in thionin precursors, has been reported.^"87 The 
significance of this different precursor structure re-
mains to be elucidated, as is the case with thionins. 
Expression of some defensin genes is developmen-
tally regulated in a rather strict manner,68 whereas that 
of others is greatly infiuenced by abiotic and biotic 
external stimuli.8'77 Thus, defensin genes induced 
upon pathogen infection have been identified in pea.8-
tobáceo,80 radish, and arabidopis.8,88 At least in some 
of these cases, the induction is systemic. as can be 
detected in noninfected leaves of the infected 
plant.8'78'88 A recent report indicates that, in arabido-
pis seedlings, a defensin gene type is inducible by 
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FIGURE 2 Defensin types. (A) Alignment of representan ve amino acid sequences of the differ-
ent types (I-IV). (B) Alignmenl with insect the defensins drosomyein (types I and II) and tenecin 
(types III and IV). (C) Disulfide bridge structure. (*) Conserved positions. 
methyl jasmonate and silver nitrate, as well as by 
phytopathogenic fungí, such as Fusarium oxysporum 
f. sp. Maíthiolae, in a similar manner as a thionin 
gene, whereas other defensin genes are not affected 
by the same treatments.8 
Biological Properties 
Although inhibition of a-amylases at high inhibitor 
concentrations has been reported for some cereal de-
fensins,8 the ability to inhibit bacteria and fungi is 
their most relevant biological property. The antimi-
crobial activity of defensins wás first reported for two 
isoforms isolated from radish seeds83 and now have 
been extensively studied in defensins from different 
species. Based on these properties, four defensin 
groups can be made that essentially match the struc-
tural subfamilies.66-67,70,89 Defensins of group I cause 
inhibition of gram-positive bacteria and fungi, and the 
fungal inhibition oceurs with marked morphological 
distortions of hyphae (branching); those of group II 
are active against fungi, without induction of hyphal 
branching. and inactive against bacteria; those of 
group III are active against gram-positive and gram-
negative bacteria, but inactive against fungi; and those 
of group IV are active against gram-positive and 
gram-negative bacteria, and against fungi, without 
causing hyphal branching. 
The antifungal activity of plant defensins is antag-
onized by increasing the ionic strength and, most 
notably, by divalent cations.866 83,84 The magnitude 
of this effect depends both on the fungus and the plant 
defensin type.8 No toxicity of plant defensins to ani-
mal or plant cells has been found.8,83 The mechanism 
of action of defensins is not yet completely under-
stood,8 although it has been shown that they mediate 
a sustained Ca~ + influx and K+ efflux, when added to 
hyphae of the fungus Neurospora crassa, and that, in 
contrast with thionins, they do not cause permeabili-
zation to isoaminobutyric acid or have any effect on 
electrical currents in artificial membranes.90 These 
observations imply that fungal growth is not inhibited 
by direct peptide-lipid interaction.8 A recent muta-
tional analysis of defensin Rs-AFP2 from radish has 
revealed two adjacent sites in its sequence that are 
important for antifungal activity: Tyr-38, Phe-40, Pro-
41, Ala-42, Lys 44, and Ile-46 appear clustered in the 
ihree-dimensional model to form the first site, 
whereas Thr-10. Ser-12. Leu-28, and Phe-49 would 
form the second site.6, However, out of the 11 posi-
tions at which a mutational change produced a signif-
icara decrease in the activity of this peptide, only 2 are 
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FIGURE 3 Lipid iransfer proteins (LTPs). (A) Alignmenl of representan ve amino acid se-
quences. (B) Disulfide bridge structures. 
conserved in defensin So-D2, which is fully active, and, 
particularly the change Tyr —» Gly at position 38 inac-
tivated Rs-AFP2, whereas Gly is a that position in So-
D2.70 It is possible that different mechanisms of action 
opérate among the different defensins. Indeed, synthetic 
15-mer peptides comprising the región from Cys-27 to 
Cys-47 of defensin Rs-AFP2 were active against fungi, 
but only one of them was active against bacteria.89 
Besides the response of some defensin genes to 
pathogen infection, a number of observations in 
planta support their putative defense role. Experi-
ments with radish seeds have demonstrated that de-
fensins represent over 30% of the proteins released 
during germination (about 1 /¿g/seed) and that the 
released defensin is sufficient for fungal inhibition, an 
effect that may contribute to the enhancement of 
seedling survival rate.78 Additionally, transgenic ex-
pression in tobáceo of the Rs-AFP2 defensin from 
radish (up to 0.2% of leaf proteins) resulted in a 
sevenfold reduction in lesión size with respect to the 
nontransformed control, upon infection with the foliar 
fungal pathogen Alternaría longipes.™ 
LIPID TRANSFER PROTEINS 
Structure and Distribution 
The so-called nonspecific lipid transfer proteins 
(LTPs) are a family of peptides previously thought to 
be involved in lipid shuttling between organelles91 
and have been recently implicated in plant de-
fense.92-96 Plant LTPs are 90-95 amino acid polypep-
tides that have been identified (at the protein and/or 
cDNA levéis) in various tissues from a high number 
of mono- and dicotyledonous species.6'91 They were 
initially reported in spinach leaves, maize coleoptiles, 
and barley aleurone,91'97 and later found to be distrib-
uted throughout the plant. externally associated with 
the cell wall and cuticle of epidermal and peripheral 
cell layers.93'94'98'99 
Comparison of reported amino acid sequences (di-
rectly determined or deduced from núcleotide se-
quences) indicates that about - of the residues are 
conserved, including the 8 disulfide-linked cysteines 
(Figure 3). Only recently, an LTP with 6 cysteines has 
been reported in cotton fiber.100'101 The two missing 
cysteines in this LTP would correspond to two differ-
ent disulfide bonds of the known LTP disulfide pattern. 
Tertiary structure of LTPs has been extensively 
studied. both by x-ray diffraction and protón nmr,102-106 
and structural models of their interaction with lipids 
have been proposed 104.106-108 Both as crystal and in 
solution. the protein has a globular structure that con-
sists of a bundle of four a-helices linked by flexible 
loops with a hydrophobic cavity that may accommo-
date a variety of lipids.104-108 
Molecular Biology 
The cytoplasmic role originally proposed for plant 
LTPs. shuttling lipids between the endoplasmic retic-
uluin and organelle membranes, seems unlikely be-
cause it is now known that they are synthesized as 
precursors with typical signal peptides,95'109"111 se-
creted in cell culture,112-113 and externally associated 
with the cell wall.94"97 '100 '101 The only known excep-
tion seems to be an LTP-like peptide from onion seeds 
that encodes a short propeptide, 12-residue long, at 
the C-terminus of the mature LTP, besides a typical 
N-terminal signal peptide.114 
Plant LTPs were initially thought be encoded by 
one or two genes per haploid genome whose expres-
sion was developmentally regulated and highly re-
stricted to special locations.115_l 18 However, it was 
later found that they are encoded by divergent multi-
gene families and ubiquitously expressed in the plant, 
especially over exposed surfaces and in vascular lis-
sues.92~96J 19 For example, at least six genes (on chro-
mosomes 3H, 5H, and 7H) have been identified in 
barley.95 Overlapping expression of some of these 
genes (Hv-LTP2-4) has been detected in stem, shoot 
apex, leaves, spike, kemel. and roots,95 while expres-
sion of one of them (Hv-LTPJ) was restricted to the 
aleurone cell layer.112 The highest LTP expression 
levéis have been generally observed in epidemial or 
peripheral cell layers surrounding the different or-
gans.95-97-99'116-118-120-121 A substantial amount of the 
barley LTPs could be washed from leaves by simple 
imbibition in an aqueous buffer,6'122 and in broccoli 
leaves, an LTP was found to be the main protein of 
the wax layer.98 
Apart from the developmentally regulated expres-
sion of LTP genes, it has been shown that these genes 
respond to pathogen infection in a complex man-
n e r 6,95,122 T h u s ? L T p 
senes can be induced above 
basal levéis or be switched off by different plant 
pathogens that infect barley6: infection by the fungus 
Erysiphe graminis similarly induces the genes above 
basal levéis (and with the same timing) both in the 
compatible and in the incompatible interaction; infec-
tion by the fungal pathogen Rhynchosporium secalis 
increases LTP gene expression only in the incompat-
ible interaction, not in the compatible one, and this 
induction is under the control of a resistance gene 
(Rh3); and infection with the compatible bacterial 
pathogen Pseudomonas syringae pv japónica 
switches off LTP gene expression. These observations 
are congruent with the proposed defense role of LTPs 
and are similar to those made for other defense pep-
tides. 
Based on the observed preferential location of 
LTPs, it has been proposed that they may be involved 
in the deposition of cutin or of other lipophylic sub-
stances,97 but this would be inconsistent with their 
distribution in stems and vascular tissues.95"118 In any 
case, as has been previously indicated. ^ a defense 
role is not incompatible with other functions. 
Biological Properties 
Antimicrobial activity of LTPs has been reported for 
all members of the family tested, including those 
isolated from barley, maize, spinach, arabidopsis, rad-
ish, and broccoli.92'99 The relative activities of differ-
ent LTPs vary between pathogens, suggesting that 
they have some degree of specificity.6'93 While certain 
LTPs were much more active than thionins against the 
bacterial pathogen Clayibacler michiganensis subsp. 
sepedonicus, the opposite was true against the fungus 
Fusarium solani, indicating that the two families of 
antimicrobial peptides might complement each other 
when simultaneously present in a tissue.6'93 Further-
__ more, synergism between the two types of peptides 
was observed in the case of the bacterium, whereas 
the activity against the fungus was merely addi-
tive.6'93 
The possible defense role of LTPs is supported by 
the observation that transgenic tobáceo and Arabidop-
sis plants overexpressing a barley LTP showed drastic 
reduction of disease symptoms after infection of the 
leaves with the bacterial pathogen Pseudomonas sy-
123 
nngae. 
Different strains of given pathogens showed dif-
ferent susceptibility to a given LTP,122 which indi-
cated that resistance/susceptibility of the pathogen 
toward a plant peptide might be relevant in the out-
come of a plant—pathogen interaction. Indeed, mutants 
of the pathogen Ralstonia solanacearwn that were 
more sensitive to LTPs than the wild type were found 
to be'completely avirulent,65 a finding that further 
supported a defense role for LTPs. 
OTHER PEPTIDE FAMILIES 
FROM PLANTS 
Hevein- and Knottin-Like Peptides 
Hevein. the most abundant protein in the látex of 
rubber trees, is a 43-residue, cysteine-rich peptide 
homologous to the chitin-binding domain of different. 
types of multidomain proteins from plants,8'124'125 
and to other single-domain peptides that have antimi-
crobial properties.126-128 The hevein-like. antimicro-
bial peptide from sweet pepper contains the same 8 
disulfide-linked cysteines that are present in the pep-
tide from látex,126'128 whereas in that from amaranth, 
the last two cysteines are missing because of a C-
terminal deletion.127 Three j3-sheet strands. as well as 
an a-helix turn that links the second and third strands, 
are the most relevant three-dimensional features of the 
hevein structure, as determined by protón nmr.129 
Antimicrobial peptides, 36-37 amino acid residues 
in length, have been isolated from seeds of Mirabilis 
jalapa.130 These peptides have 6 disulfide-linked cys-
teines that form the so-called knottin pattern, which 
resembles that of the distantly related hevein-like 
peptides.131-134 Chitin-binding, hevein-like antimi-
crobial peptides also have been reported from seeds of 
Pharbitis nil135 and from sugar-beet leaves.136 
The amino acid sequence deduced from a cDNA 
encoding hevein includes an N-terminal signal peptide 
and a C-terminal propeptide that is homologous to 
pathogenesis-related protein PR4 from tobáceo.124,134 
The cDNA from the amaranth hevein-like protein 
encodes a similar precursor, but the C-terminal pep-
tide is shorter.137 Knottin-type precursors do not in-
clude a C-terminal propeptide,138 though, as is the 
case for the hevein type, the peptides are exponed to 
the apoplast.139 
Both hevein- and knottin-like peptides inhibit a 
wide range of fungi and gram-positive bacteria in 
vitro, and their activities are reverted by divalent 
cations.8,128130 Although in most reported cases, ex-
pression of the two types of peptides are restricted to 
the seeds,135'137,138 hevein itself and some hevein-like 
peptides have been found in other tissues.134,136 
Transgenic overexpression in tobáceo plants of hev-
ein- and knottin-like peptides did not result in en-
hanced resistance to the fungus Alternaría longi-
pes,' 9 although transgenic tomato fruits expressing a 
hevein peptide were less susceptible than control 
plants to infection by the opportunistic fungus Tricho-
derma hamatum.140 • 
Four-Cysteine Antimicrobial Peptides 
At least two families of antimicrobial peptides with 
four cysteines have been reported: the MBP-1, 33-
residue peptide from maize,141 and a group of 20-
residue peptides (Ib-AMPs) isolated from the seeds of 
Impaüens balsamina.142'143 The first peptide is active 
against fungi, as well as against gram-positive and 
gram-negative bacteria,141 whereas the Ib-AMPs in-
hibit fungi and gram-positive bacteria.142 The struc-
ture of Ib-AMPs has been recently investigated by CD 
and two-dimensional protón nmr.143 Mature Ib-AMPs 
are generated by processing of multipeptide precur-
sors1 ~ in a similar manner as the apidaecins, which 
are antimicrobial peptides from the honey bee.144,145 
Twelve-Cysteine Peptides 
A new type of antimicrobial peptide with twelve 
cysteines, snakin-1 (St-SNl), has been recently dis-
covered in potato tubers.146 The peptide. which is 
63-residue long, is active at <10 ¡JLM concentrations 
against fungi. gram-positive and gram-negative bac-
teria, is able to aggregate bacteria, and does not have 
any effect on artificial lipid membranes.5"046 Al-
though no other member of this peptide family has 
been isolated yet, its homologues must be ubiquitous, 
as judged from the multiplicity of homologous cDNAs 
that have been reported.146 Snakin-sensitive mutants 
of the bacterium Erwinia chrysanthemi were much 
less virulent than the wild type in potato tubers, where 
snakin is the major antimicrobial peptide.147 This 
observation greatly supports a defense role for this 
protein family. 
FINAL CONSIDERATIONS 
As judged from the evidence reviewed here. the role 
of antimicrobial peptides in the "innate immunity" 
system of plants seems to be well established. These 
peptides are part of developmentally regulated, pre-
existing defense barriers, and/or may be accumulated 
as a result of the induction of the corresponding genes 
upon infection. 
Two lines of evidence are particularly relevant in 
the demonstration of an important role of antimicro-
bial peptides in plant defense: overexpression of some 
peptides enhance plant tolerance to patho-
gens62'63'78'123139 and peptide-sensitive mutants of 
the pathogens show significantly decreased virulence 
toward plant tissues in which these peptides are 
present.65,147 Furthermore, the latter type of evidence 
indicates that both plant and animal pathogens deal in 
a similar way with host defenses, as the equivalent 
mutants of animal pathogens also show decreased vir-
ulence.147'148 The possibility that the pathogen defense 
system against antimicrobial peptides may show speci-
ficity toward the peptide type has been suggested,147 
and might be highly relevant in plant-pathogen inter-
actions. 
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